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We report a combined experimental and theoretical study of the candidate type-II Weyl semimetal
MoTe2. Using laser-based angle-resolved photoemission we resolve multiple distinct Fermi arcs on
the inequivalent top and bottom (001) surfaces. All surface states observed experimentally are
reproduced by an electronic structure calculation for the experimental crystal structure that predicts
a topological Weyl semimetal state with 8 type-II Weyl points. We further use systematic electronic
structure calculations simulating different Weyl point arrangements to discuss the robustness of the
identified Weyl semimetal state and the topological character of Fermi arcs in MoTe2.
I. INTRODUCTION
The semimetallic transition metal dichalcogenides
(W/Mo)Te2 receive much attention for their unusual
bulk electronic properties, including a non saturating
magnetoresistance with values among the highest ever
reported [1] and pressure-induced superconductivity [2–
4]. Very recent theoretical studies further predicted a
new topological state of matter, dubbed type-II Weyl
semimetal, in this series of compounds [5–8]. Weyl
fermions in condensed matter arise as low energy exci-
tations at topologically protected crossing points (Weyl
points) between electron and hole bands [9, 10]. Weyl
points always occur in pairs of opposite chirality and their
existence near the Fermi level produces unique physical
properties, including different magnetotransport anoma-
lies [5, 11–15] and open Fermi arcs on the surface [9],
which were not observed in early angle resolved photoe-
mission (ARPES) studies [16–18].
Weyl semimetals have been classified in type-I that ex-
hibit point-like Fermi surfaces and respect Lorentz invari-
ance, and type-II with strongly tilted Weyl cones appear-
ing at the boundaries between electron and hole Fermi
pockets and low-energy excitations breaking Lorentz in-
variance [5]. Type-II Weyl semimetals necessarily have
extended bulk Fermi surfaces. This renders the identifi-
cation of the topological character of the surface Fermi
arcs challenging since the Weyl points generally lie within
the surface projected bulk states causing strong hy-
bridization of bulk and surface states where the latter
overlap with the bulk continuum.
Experimentally, the realization of type-I Weyl fermions
has been demonstrated in the TaAs family by angle-
resolved photoemission (ARPES) and scanning tunneling
spectroscopy [19–24], whereas the quest for type-II Weyls
remains open. Type-II Weyl fermions have first been pre-
dicted in WTe2 [5] crystallizing in the orthorhombic 1T’
structure with broken inversion symmetry (Pmn21 space
group). According to this study, WTe2 hosts 8 Weyl
points∼ 50 meV above the Fermi level. However, the dis-
tance between Weyl points of opposite chirality is only
0.7% of the reciprocal lattice vector rendering the ob-
servation of Fermi arcs connecting these points challeng-
ing for current spectroscopic techniques. Subsequently, it
has been proposed that the low-temperature 1T’ phase
of MoTe2 is a more robust type-II Weyl semimetal with
topological Fermi arcs that are more extended in k-
space [6, 7].
These predictions triggered a number of very
recent ARPES studies reporting Fermi arcs on
MoxWe1−xTe2 [25], MoTe2 [26–30] and WTe2 [31–33].
However, these studies do not agree on the bulk or surface
character of the experimental Fermi surfaces, and pro-
vide conflicting interpretations of the topological charac-
ter of the surface states. The latter can in part be at-
tributed to the theoretically predicted sensitivity of the
number and arrangement of Weyl points in the Brillouin
zone to the details of the crystal structure. Two such
experimentally measured structures were discussed for
MoTe2 [6, 7]. While the crystal structure used in the
work of Refs. [6, 30] was predicted to have 8 type-II Weyl
points, appearing in the kz = 0 plane [6], accompanied
by 16 off-plane Weyl points [7], the structure reported in
the work of Ref. [7] was predicted to host only 4 type-
II Weyl points formed by the valence and conduction
bands. The differences in the Weyl point arrangements
lead to distinct topological characters of Fermi arcs with
similar dispersion. These crystal structure intricacies, as
well as the presence of two inequivalent surfaces in the
non-inversion symmetric structure of MoTe2 were largely
ignored in recent works [25–30].
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2Here we use laser-based ARPES to clearly resolve dis-
tinct arc-like surface states on the two inequivalent (001)
surfaces of MoTe2. To understand the topological nature
of these arcs and their connection to type-II Weyl points,
we present systematic calculations of the surface density
of states simulating different Weyl-point arrangements.
We find that the ARPES data from both surfaces is con-
sistent with a topological Weyl semimetal state with 8
type-II Weyl points but does not conclusively establish
this particular number of Weyl points. Specifically, we
show that a large Fermi arc present on both surfaces and
reported previously in Refs. [26–30] is topologically triv-
ial in our calculations and even persists for bulk band
structures without Weyl points. On one of the surfaces
we find additional small Fermi arcs extending out of the
hole pockets. These short arcs are strong candidates for
the topological surface states. However, they resemble
observations of Ref. [30] for a different Weyl point ar-
rangement and we argue that they are not robust in the
sense that their emergence out of the bulk continuum is
not topologically protected.
II. METHODS
Single crystals of MoTe2 in the monoclinic β-phase
were grown by an optimized chemical vapor transport
method (see Appendix). The low temperature 1T’ crys-
tal structure was characterized using single-crystal X-ray
diffraction (Rigaku Supernova diffractometer, Mo Kα ra-
diation, Oxford Instrument cryojet cooling system). Syn-
chrotron based ARPES experiments were performed at
the I05 beamline of Diamond Light Source using pho-
ton energies of 40 − 90 eV. Laser-ARPES experiments
were performed with a frequency converted diode-laser
(LEOS solutions) providing continuous-wave radiation
with 206 nm wavelength (hν = 6.01 eV) focused in a
spot of ∼ 5 µm diameter on the sample surface and
an MBS electron spectrometer permitting two dimen-
sional k-space scans without rotating the sample. Sam-
ples were cleaved in-situ along the ab-plane at tempera-
tures < 20 K. Measurement temperatures ranged from
6 K to 20 K and the energy and momentum resolu-
tions were ∼ 15 meV/0.02 A˚−1 and 2 meV/0.003 A˚−1
for synchrotron and laser ARPES experiments, respec-
tively. Electronic structure calculations were done using
the VASP software package [34] with PAW pseudopo-
tentials [35] that include spin-orbit coupling. The PBE
functional [36] was used in the exchange-correlation po-
tential. A 16×10×4 Γ-centered k-point mesh was used
for Brillouin zone sampling, and the energy cutoff was set
to 450 eV. The Wannier-based projected tight-binding
models [37–39] capturing all the d-states of Mo and p-
states of Te were used to analyze the surface density of
states. Surface spectra were calculated by the software
package Wannier tools [40], which is based on the itera-
tive Green’s function [41].
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FIG. 1. Crystal structure and Weyl points of MoTe2. (a)
Crystal structure of the 1T’ phase (space group Pmn21) de-
termined by X-ray diffraction. The two inequivalent surfaces,
labelled A and B, are indicated. (b,c) Momentum resolved
density of states of the (001)-surface at E − EF = 0.006 eV
and 0.062 eV, respectively, illustrating the touching points
W1,4 and W2,3 of electron and hole pockets. W1(W2) is a
mirror image of W4(W3).
III. RESULTS
The monoclinic β-phase of MoTe2 undergoes a struc-
tural phase transition to the orthorhombic 1T’ phase
(also called γ or Td phase) at ∼ 250 K [42]. The low-
temperature 1T’ phase shares the non-centrosymmetric
Pmn21 space group with WTe2 and consists of double
layers of buckled tellurium atoms bound together by in-
terleaving molybdenum atoms. The resulting MoTe2 lay-
ers are stacked along the c axis with van der Waals inter-
layer bonding as illustrated in Fig. 1(a). Note that the
broken inversion symmetry of the 1T’ structure implies
the existence of two inequivalent (001) surfaces with the
[100] axis pointing out or into the surface, respectively.
We denote these surfaces by A and B, as indicated in
Fig. 1(a). In Fig. 1(b-c) we illustrate the number and
positions of Weyl points in MoTe2, calculated for the ex-
perimental crystal structure of our samples with lattice
constants a = 3.468 A˚, b = 6.310 A˚, c = 13.861 A˚ deter-
mined at T = 100 K (see Figs. 6 and 7 in the Appendix
for the temperature dependence of the lattice constants
and calculations with unit cell parameters extrapolated
to different temperatures).
Unlike Ref. [7] that predicted 4 Weyl points for a struc-
ture with 0.3% smaller lattice constant a, our new cal-
culation finds 8 type-II Weyl points between the valence
and conduction band in the kz = 0 plane. We checked
that no further off-plane Weyl points are present in our
calculation. Note, however, that additional Weyl points
above the Fermi level formed solely by the conduction
bands were found in Ref. [7] (some of them in the kz = 0
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FIG. 2. Electronic structure of MoTe2. (a) Stack of constant energy maps measured with 62 eV photon energy and p-
polarization. (b) Left: ARPES Fermi surface at 62 eV photon energy. Right: Fermi surface contours extracted from Fermi
surface maps measured at different photon energies. The largest extension of electron and hole pockets corresponding to the
projected bulk band structure is indicated in blue and green respectively. The thin black arc between hole and electron pockets
is a surface state. (c) kz dependence of the electronic states at the Fermi level in the ky = 0 plane. The straight lines at kx = ±
0.195 A˚−1 marked by black arrows are the signature of a two-dimensional electronic state at the surface of MoTe2. Values of kz
have been calculated for free electron final states with an inner potential of 13 eV. (d) Overview of the surface band structure
measured along the high symmetry direction ky = 0 taken with hν = 62 eV and 6.01 eV (blue inset).
plane). Given that the gaps separating different bands
are small in MoTe2, even weak external perturbations
may cause changes in band ordering, resulting in the
appearance of additional Weyl points. This illustrates
the exceptional sensitivity of key topological properties
of MoTe2 to minute changes in the structure as already
pointed out in Refs. [6, 7]. This problem is aggravated by
the variation of the lattice constants of MoTe2 grown un-
der different conditions, which might arise from a slight
off-stoichiometry and/or the proximity of the hexago-
nal 2H phase in the non linear temperature-composition
phase diagram of MoTe2 favoring inter-growth of differ-
ent phases [43].
In Fig. 2 we present the overall band structure of
MoTe2 determined by ARPES. The Fermi surface con-
sists of a large hole-like sheet centered at the Γ point and
two symmetric electron-like Fermi surfaces, one at posi-
tive and one at negative kx values, that nearly touch the
hole pocket. The character of the different Fermi sur-
faces can be inferred from the stack of constant energy
maps in Fig. 2(a) illustrating how the sizes of electron and
hole pockets decrease and increase with energy, respec-
tively. The dominant spectral feature at the Fermi sur-
face is a symmetric arc-like contour in the narrow gap be-
tween electron and hole pockets (black line in Fig. 2(b)),
which is not seen in bulk band structure calculations.
The kx − kz Fermi surface map in Fig. 2(c) shows that
this state (SS) does not disperse in kz over the entire
Brillouin zone as expected for a strictly two-dimensional
electronic state localized at the surface. Fig. 2(d) shows
the overall band dispersion along the high symmetry di-
rection ky = 0. The surface state dispersing from the
bottom of the electron bands up to the hole bands is in-
dicated by a thin red line. The same cut measured with
high-resolution laser ARPES (blue inset) reveals a more
complex situation. Rather than a single surface state we
can resolve two very sharp dispersing states with similar
Fermi velocities. While the outer one at larger kx values
shows a clear Fermi level crossing, the inner one, which
is most intense ∼ 100 meV below EF , looses most of its
spectral weight approaching EF .
In Fig. 3, we zoom into the region enclosed by a red
dashed rectangle in Fig. 2(b). Using a laser focused into
a spot of ∼ 5 µm diameter on the sample surface as exci-
tation source and high energy and momentum resolution
we are able to identify two clearly distinct Fermi surfaces
appearing with the same abundance on a large number
of cleaved samples. For surface A we find two sets of in-
tense and sharp contours, a large arc-like state (SS) and
two shorter arcs with weak curvature that are visible in
a narrow range of momenta |ky| <∼ 0.08 A˚−1 and vanish
again in the ky = 0 plane (Fig. 3(a)). On the B-type
surface, we resolve two large arcs with different curva-
tures separated by a small non-crossing gap (Fig. 3(b)).
These signatures are well reproduced by calculations of
the surface density of states for the inequivalent top and
bottom surface of MoTe2 shown in Fig. 3(c,d).
According to the calculations presented in Fig. 3 and in
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FIG. 3. Fermi arcs on the surface of MoTe2. (a,b) Detailed view of the Fermi surface measured with 6.01 eV photon energy and
p-polarization on the A and B surface terminations of MoTe2. The photoemission intensity has been symmetrized with respect
to the kx axis. (c,d) Surface density of states for the two surface terminations calculated 10 meV below the Fermi level. (e,f)
Zoom into the areas enclosed by a dashed rectangle in (a) and (b), respectively. (g) Numerical results for the surface density
of states along an elliptical contour (with rkx = 0.0018 A˚
−1, rky = 0.005 A˚−1) enclosing the Weyl point W2. The topological
surface state is connecting valence to conduction bands and produces CTSS in the calculations.
the Appendix, the large Fermi arc (SS) is topologically
trivial for the present crystal structure, and even per-
sists in calculations for different structures that exhibit
no bulk Weyl points at all. The shorter arc (CTSS for
candidate topological surface state), on the other hand,
is a part of the surface state that connects valence to
conduction states, as shown for the elliptical path sur-
rounding the projection of the W2 point onto the surface
(Fig. 3(g)). This elliptical path can be viewed as a cut
of a cylinder that encloses the W2 point, and the axis of
which is aligned along [001]. The valence and conduction
bands are gapped at all k-points on this cylinder, and
thus a Chern number can be computed for the occupied
states, corresponding to the chirality of the enclosed Weyl
point. We find this number to be +1, and hence CTSS
in Fig. 3(g) is topologically protected. The calculation
agrees remarkably well with the experiment (Fig. 3(e,f)).
Therefore, CTSS is a strong candidate for a topological
surface state.
The good agreement between ARPES data and numer-
ical calculations extends to the dispersion plots shown
in Fig. 4(a,b) taken parallel to the ky axis for different
values of kx. The trivial surface state SS has a nearly
parabolic dispersion in our experiments and well defined
Fermi crossings for kx ≥ 0.21 A˚−1, whereas CTSS has
a more complex evolution of the dispersion and only
reaches the Fermi level over a very limited range of mo-
menta (second and third panel of Fig. 4(a)). This behav-
ior is well reproduced by the calculated surface density of
states (Fig. 4(b)) showing that CTSS is only defined for
energies and momenta where it emerges out of the pro-
jected bulk hole pocket. For this reason it is not possible
to derive the positions of type-II Weyl points from the
extensions of the topological arcs at the Fermi surface.
We note that the intensity of the bulk bands is strongly
suppressed in our laser-ARPES data. This is common in
very low-energy photoemission and arises from the band-
like character of final states leading to strongly photon
energy dependent matrix elements of bulk states. We fur-
ther find that all bulk states are broad compared to SS
and CTSS. This can be explained naturally by the sur-
face sensitivity of photoemission causing an intrinsically
poor kz resolution. For the large unit cell of MoTe2, we
estimate that ∆kz > 0.2pi/c, which implies a substantial
broadening of states that disperse in kz. The absence
of such broadening in CTSS indicates that this state is
highly two-dimensional consistent with its identification
as surface state.
CTSS found in the calculations connects Weyl points
that both project into the bulk hole pocket at the Fermi
level. Moreover, all the Fermi pockets in MoTe2 have
zero Chern numbers. For these reasons the emergence
of Fermi arcs from the hole pocket is not dictated by
topology, but is rather a consequence of a particular re-
alization of the shape of CTSS. In general, a topologically
trivial surface state can also emerge out of the topolog-
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FIG. 4. (a) Dispersion plots taken on surface A parallel to ky for different values of kx. (b) Calculated surface energy dispersion
along equivalent cuts in momentum space for the same surface termination.
ically trivial pocket, as is the case at hand for SS. The
intricate relation of CTSS to the Weyl points of the sys-
tem is evident from the fact that a Fermi arc with very
similar dispersion was also reported in the calculations of
Refs. [6, 30] with different in-plane Weyl point positions
and 16 additional off-plane Weyl points [7]. In that case
additional surface resonances or surface states hybridized
with each other can appear inside or outside the nearby
bulk continuum due to the presence of the off-plane Weyl
points. In principle, such resonances may cause the ob-
served state to be topologically trivial in analogy to SS.
On the other hand, CTSS in our calculations and its ana-
logue in Refs. [6, 30] are both topological and we do not
find surface states with similar shape that are topologi-
cally trivial in any of our calculations. The question is
therefore whether the absence of a topologically trivial
scenario at hand can be taken as positive proof of a Weyl
semimetal state in MoTe2. The systematic nature of cal-
culations carried out by us and others suggest that this
is reasonable even though evidence of absence (in this
case of a topologically trivial scenario explaining CTSS)
is never exhaustive.
CTSS is only observed clearly on one of the two in-
equivalent (001) surfaces. This can be explained by notic-
ing that the trivial value of the Z2 topological invari-
ant [44] for the ky = 0 plane in the Brillouin zone of
MoTe2 is consistent with two possible arc connectivities:
the one consistent with CTSS, assuming that a surface
state connects the projections of W1 and W2 points, and
the other, in which the arcs connect the projections of
W1,2 with their mirror images W3,4. While the ARPES
data of the B-type surface (Fig. 3(b)) is consistent with
the latter scenario, they do not uniquely define a partic-
ular Weyl point arrangement and connectivity.
To illustrate this point we show in Fig. 5(c,d) the sur-
face density of states on the B type surface for crystal
structures resulting in 4 [7] and 8 (this work) type-II Weyl
points. Both calculations clearly show a large and fully
spin-polarized Fermi arc with virtually identical disper-
sion. However, in the structure of Ref. [7] with 4 Weyl
points (Fig. 5(c)), this arc is topological, while for the
crystal structure of this work, we find that the arc is
trivial (Fig. 5(d)). As shown in figures 10 and 11 in the
Appendix, the large Fermi arc even persist in calcula-
tions for MoTe2 and WTe2 finding zero Weyl points. This
demonstrate that the topological character of Fermi arcs
in (Mo/W)Te2 can in general not be uniquely deduced
from a comparison of experimental and theoretical band
dispersions. It further shows that neither the experimen-
tal observation of the large Fermi arc in MoTe2 or WTe2
nor of its spin-structure is a suitable fingerprint to ro-
bustly identify the type-II Weyl state in this series of
compounds.The observation of CTSS on the other hand
cannot readily be explained in a topologically trivial sce-
nario and thus does provide evidence for a type-II Weyl
semimetal state.
IV. CONCLUSIONS
We conclude that MoTe2 is a strong candidate for
the realization of a type-II Weyl semimetal phase. All
the experimental observations presented here agree with
our numerical calculations finding 8 type-II Weyl points
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FIG. 5. Trivial and topological Fermi arcs on the B-type
surface of MoTe2. (a) Position of the 4 Weyl points calculated
for the experimental crystal structure reported in Ref. [7]. (b)
Using the structure determined in our work, we find 8 Weyl
points. (c,d) Theoretical Fermi surfaces for the structures
used in (a) and (b), respectively. The large Fermi arc has
a virtually identical dispersion in the two scenarios but is
topological in (c) and trivial in (d).
and a coexistence of topological and trivial Fermi arcs.
While the data are also consistent with other possible
Weyl point arrangements, systematic calculations do not
show a topologically trivial scenario that could explain
all the experimental observations. We point out that
an ideal candidate type-II Weyl semimetal permitting
a more direct experimental identification should possess
projected electron and hole pockets with non-zero total
Chern number, thus guaranteeing the appearance of the
surface state in both numerical and experimental data.
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V. APPENDIX
A. Crystal growth
Single crystals of monoclinic β-MoTe2 were grown by
the chemical vapor transport technique using TeCl4 as
a transport agent. The pure elements Mo and Te and
the transport agent TeCl4 were mixed in a stoichiometric
anion ratio, according to the reaction equation:
2
(
n− 1
n
)
Te +
(
1
n
)
TeCl4 + Mo→ MoTe2 +
(
3
n
)
Cl2
with n = 10. The total weight of each sample was ∼
0.2÷0.3 g. The mixture was weighted in a glovebox
and sealed under vacuum (5 × 10−6 mbar) in a quartz
ampule with an internal diameter of 8 mm and a length
of 120 mm. The sealed quartz reactor was placed in a
two zone furnace in the presence of a thermal gradient
dT/dx ≈ 5◦÷ 10◦ C/cm, and heated up to temperatures
Thot = 980
◦C at the hot end and Tcold = 900◦C at the
cold end. After 1 week of growth, the quartz ampule was
quenched in air to yield the monoclinic phase, β-MoTe2.
The crystals obtained on the cold side were shiny-grey
and rectangular.
B. Lattice constants and Weyl points
The monoclinic β-phase of MoTe2 (unit cell parame-
ters at 280 K of a = 3.479 A˚, b = 6.332 A˚, c = 13.832 A˚,
γ = 93.83◦) undergoes a structural phase transition to
the orthorhombic 1T’ phase at ∼ 250 K. Fig. 6 displays
the temperature dependence of the lattice constants in
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MoTe2 in the 1T’ phase (space group Pmn21). Open circles
and squares are the lattice constants of MoTe2 obtained with
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FIG. 7. False color plot of the energy gap between valence
and conduction bands in the kz = 0 plane illustrating how
the number and position of Weyl points evolve for different
unit cell parameters: (a) Structure in Ref. [7] which has a
0.3% smaller lattice constant a; (b-d) Lattice constants at
10 K, 100 K and 230 K obtained from a linear extrapolation
based on the experimental data in Fig. 6. The coordinates of
the Weyl points found for the unit cell parameters at 100 K
used in the main text are (0.1855,±0.0539, 0) A˚−1 and E −
EF = 0.062 eV for W1,4 and (0.1906,±0.0152, 0) A˚−1 and
E − EF = 0.006 eV for W2,3. The remaining 4 points are
mirror symmetric with respect to kx
the 1T’ phase of MoTe2. Consistent with the early study
of Clarke et al. [42], we find that the c axis expands with
decreasing temperature while a and b decrease slightly.
For comparison we have also displayed the lattice con-
stants of MoTe2 from the two previously reported struc-
tures in Refs. [4, 7].
In the main text we have compared ARPES data
measured below 20 K with calculations based on the
lattice constants at 100 K extrapolated linearly from
the experimental values measured between 230 K and
120 K. This is a reasonable approach as we do not expect
significant changes of the unit cell parameters between
100 K and the temperature of the ARPES experiments.
The thermal expansion coefficient is usually negligible
below ∼ 100 K and no additional structural phase
transitions have been reported for MoTe2 at these low
temperatures. In order to confirm the validity of this
comparison we performed additional calculations for
different sets of lattice parameters assuming constant
thermal expansion. As shown in Fig. 7(b-d), calculations
based on the lattice constants of our structure at 10 K,
100 K and 230 K estimated in this way find the same
number of Weyl points at nearly identical positions. All
these structures result in 8 Weyl points at kz =0 and
no additional off-plane Weyls points, formed between
valence and conduction bands. This indicates that the
contraction of the lattice upon cooling will have only
a minor effect in our samples and will not change the
topological character of the Fermi arcs discussed in the
main text. Note, however, that Fig. 7 reveals a clear
trend in the position and number of Weyl points with
the in-plane lattice constant a. As a gets smaller, due to
thermal contraction (b-d) or a different growth method
(a), the Weyl points W2 and W3 move closer to the kx
axis and will eventually merge and annihilate.
C. Surface state dispersion parallel to the ky = 0
direction
In Fig. 8 we present dispersion plots measured paral-
lel to the ky=0 direction on the two different surfaces of
MoTe2. In each panel of Fig. 8(d,f) we can identify two
dispersing states that contribute to the trivial arc (SS)
and the candidate topological arc (CTSS) at the Fermi
surface. Their dispersion is clearly distinct on the two
surface types. In particular, on the A-type surface, SS
is more dispersive near the bottom of the bulk electron
pocket and the two surface states cross each other along
the high symmetry cut with ky = 0, while this is not ob-
served on the B-type surface. These differences are well
reproduced by calculations of the surface band structure
for a semi-infinite crystal (panels (c,e)) allowing us to
unambiguously identify surface A and B as the top and
bottom (001) surface of MoTe2.
Fig. 8 also provides further evidence for the surface
character of CTSS. In particular, the clearly distinct dis-
persion of this spectral feature below the Fermi level is
hard to reconcile with a bulk origin, since bulk states
are not expected to differ between the two surface types.
Additionally, we note that all bulk states are substan-
tially broader and much less intense than surface related
states throughout the entire Brillouin zone. This is evi-
dent from panels (a,b) where we use a logarithmic color
scale to enhance the projected bulk Fermi surfaces.
D. Candidate topological Fermi arc
In Fig. 3(g) of the main text, we show that the can-
didate topological surface state (CTSS) identified in our
ARPES data connects the valence (hole) and conduction
(electron) band along a fully gapped path enclosing a sin-
gle Weyl point with Chern number +1 (W2) and is thus
topologically non-trivial. In Fig. 9 we use more conven-
tional k-space maps at different, finely-spaced energies to
illustrate how this state connects the valence and conduc-
tion bands. At the Fermi level, a small gap separates the
momentum resolved surface density of states of the elec-
tron and hole pockets and the CTSS arc emerges on both
ends out of the hole pocket. As the energy is increased
towards the Weyl point W2 at +6 meV, this gap reduces
80.30.2
kx (Å-1)
iii
ii
i
surface B-0.2
0.0
0.2
k y
 (Å
-1
)
0.30.2
kx (Å-1)
CTSS
SSi
ii
iii
surface A
-0.1
0.0
E-
E F
 (e
V)
0.40.2
kx (Å-1)
surface B
ky = 0
-0.1
0.0
E-
E F
 (e
V)
0.40.2
surface A
ky = 0
-0.1
0.0
0.40.2 0.40.2
kx (Å-1)
0.40.2
-0.1
0.0
0.40.2 0.40.2
CTSS SS
0.40.2
i ii iii
i ii iii
(a) (b)
(c)
(e)
(d)
(f)
surface A
surface B
FIG. 8. (a,b) Detailed view of the Fermi surface measured with 6.01 eV photon energy and p polarization on the A and B-type
surfaces of MoTe2, displayed on a logarithmic color scale. This photon energy corresponds to kz values around 0.6pi/c in the
fifth Brillouin zone assuming a free electron final state with an inner potential of 13 eV. Note, however, that a free electron final
state model is not fully appropriate at such low photon energies, which results in a substantial uncertainty of kz values. (c,e)
Surface energy dispersion along the ky = 0 direction calculated for the top and bottom surface, respectively. (d,f) Dispersion
plots measured on surface A and B parallel to the ky = 0 direction at the ky values “i” to “iii” marked in panels (a) and (b),
respectively.
0.08
0.04
0.00
k y
 (Å
-1
)
0.230.19
EF
0.230.19
EF + 4 meV
0.230.19
EF + 2 meV
0.230.19
W2
SS
CTSS
EF + 5 meV
0.230.19
EF + 6 meV
0.230.19
EF + 8 meV
0.200.19
kx (Å-1)
EF + 10 meV
0.02
0.01
k y
 (Å
-1
)
0.200.19
kx (Å-1)
EF
0.230.19
EF + 10 meV
0.200.19
kx (Å-1)
EF + 2 meV
0.200.19
kx (Å-1)
EF + 4 meV
0.200.19
kx (Å-1)
EF + 5 meV
0.200.19
kx (Å-1)
EF + 6 meV
0.200.19
kx (Å-1)
EF + 8 meV
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and the electron and hole pockets eventually touch. At
higher energy, the CTSS arc emerges out of the electron
pocket at ky ≈ 0.015 A˚−1 and disappears into the hole
pocket at ky ≈ 0.07 A˚−1.
E. Topological character of the large Fermi arc
We have shown in the main text that the number of
Weyl points in the Brillouin zone and the topological
character of the large Fermi arc in MoTe2 is exception-
ally sensitive to small changes in the crystal structure as
they are observed for samples grown under slightly differ-
ent conditions. In Fig. 10 we use an alternative approach
to illustrate the persistence of the large Fermi arc for dif-
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FIG. 10. Evolution of the large Fermi arcs for different values
of the spin orbit coupling constant, which artificially mod-
ify the band structure of MoTe2 resulting in 8, 4 or 0 weyl
points in the kz = 0 plane. (a) False color plot of the en-
ergy gap between valence and conduction bands in the kz =
0 plane illustrating the number and position of Weyl points.
(b) Momentum-resolved surface density of states at the Fermi
level.
ferent Weyl point arrangements in MoTe2. By artificially
tuning the strength of the spin-orbit coupling (SOC) (the
labels SOCN correspond to SOC increased N times in
the calculation), we simulate electronic structures with 8,
4 or 0 Weyl points for a single crystal structure. Clearly,
the large Fermi arc is observed in all these calculations.
Its presence in experiment [25–30] thus cannot serve as a
fingerprint to identify MoTe2 as Weyl semimetal.
The independence of the large Fermi arc from the
Weyl point arrangement is even more striking in WTe2
as shown in Fig. 11. In panels (a) and (c) we show the
momentum resolved surface density of states for experi-
mental crystal structures measured at different temper-
atures [45, 46]. Warming up from 113 K to room tem-
perature, one can readily annihilate the 8 Weyl points
found for the low-temperature structure [5]. However,
the large Fermi arc remains present and does not even
change its dispersion noticeably. Artificially increasing
the spin-orbit interaction, we can even simulate a state
with a large Fermi arc of similar dispersion and 4 Weyl
points in the full 3D Brillouin zone. In this case the large
Fermi arc becomes topological, while in the other two cal-
culations (panels (a,c)), it is topologically trivial. Again,
we conclude that its observation in experiments [31–33]
does not identify WTe2 as topological Weyl semimetal,
as discussed already in Ref. [31].
The large Fermi arcs in MoTe2 and WTe2 remain fully
spin-polarized in all our calculations although they are
in general topologically trivial except for the calculations
with 4 Weyl points. The lifting of the spin degeneracy is
a natural consequence of spin-orbit interaction in struc-
tures with a broken inversion symmetry and is thus found
for all surface and bulk states in the 1T’ phase of MoTe2
and WTe2. Hence, the topological character of this and
other surface states in MoTe2 or WTe2 cannot be deduced
from their spin-structure, as it was proposed in Ref. [30]
and successfully done for topological insulators [47].
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FIG. 11. Large Fermi arc of WTe2 for different numbers
of Weyl points. (a) Momentum-resolved surface density of
states at the Fermi level calculated using the room temper-
ature structure [45], which results in no Weyl points. (b)
Momentum-resolved surface density of states at the Fermi
level calculated using the low temperature structure (T =
113 K, Ref. [46]) and 200 % spin orbit coupling, which pro-
duces only 4 Weyl points. (c) Momentum-resolved surface
density of states at the Fermi level calculated using the low
temperature structure (T = 113 K Ref. [46]) and 100 % spin
orbit coupling, which produces 8 Weyl points.
[1] Mazhar N. Ali, Jun Xiong, Steven Flynn, Jing Tao,
Quinn D. Gibson, Leslie M. Schoop, Tian Liang, Neel
Haldolaarachchige, Max Hirschberger, N. P. Ong, and
R. J. Cava, “Large, non-saturating magnetoresistance in
WTe2,” Nature 514, 205 (2014).
[2] Xing-Chen Pan, Xuliang Chen, Huimei Liu, Yanqing
Feng, Zhongxia Wei, Yonghui Zhou, Zhenhua Chi,
Li Pi, Fei Yen, Fengqi Song, Xiangang Wan, Zhaorong
10
Yang, Baigeng Wang, Guanghou Wang, and Yuheng
Zhang, “Pressure-driven dome-shaped superconductiv-
ity and electronic structural evolution in tungsten ditel-
luride.” Nat. Commun. 6, 7805 (2015).
[3] Defen Kang, Yazhou Zhou, Wei Yi, Chongli Yang, Jing
Guo, Youguo Shi, Shan Zhang, Zhe Wang, Chao Zhang,
Sheng Jiang, Aiguo Li, Ke Yang, Qi Wu, Guangming
Zhang, Liling Sun, and Zhongxian Zhao, “Supercon-
ductivity emerging from a suppressed large magnetore-
sistant state in tungsten ditelluride.” Nat. Commun. 6,
7804 (2015).
[4] Yanpeng Qi, Pavel G. Naumov, Mazhar N. Ali, Cather-
ine R. Rajamathi, Oleg Barkalov, Yan Sun, Chandra
Shekhar, Shu-Chun Wu, Vicky Su¨ß, Marcus Schmidt,
Eckhard Pippel, Peter Werner, Reinald Hillebrand, To-
bias Fo¨rster, Erik Kampertt, Walter Schnelle, Stu-
art Parkin, R. J. Cava, Claudia Felser, Binghai Yan,
and Sergiy A. Medvedev, “Superconductivity in Weyl
Semimetal Candidate MoTe2,” Nat. Commun. 7, 11038
(2016).
[5] Alexey A. Soluyanov, Dominik Gresch, Zhijun Wang,
QuanSheng Wu, Matthias Troyer, Xi Dai, and B. An-
drei Bernevig, “Type-II Weyl semimetals,” Nature 527,
495–498 (2015).
[6] Yan Sun, Shu-Chun Wu, Mazhar N. Ali, Claudia Felser,
and Binghai Yan, “Prediction of Weyl semimetal in or-
thorhombic MoTe2,” Phys. Rev. B 92, 161107 (2015).
[7] Zhijun Wang, Dominik Gresch, Alexey A Soluyanov,
Weiwei Xie, Xi Dai, Matthias Troyer, Robert J Cava,
and B Andrei Bernevig, “MoTe2: Weyl and Line Node
Topological Metal,” arXiv:1511.07440 (2015).
[8] Tay-Rong Chang, Su-Yang Xu, Guoqing Chang, Chi-
Cheng Lee, Shin-Ming Huang, BaoKai Wang, Guang
Bian, Hao Zheng, Daniel S. Sanchez, Ilya Belopolski,
Nasser Alidoust, Madhab Neupane, Arun Bansil, Horng-
Tay Jeng, Hsin Lin, and M. Zahid Hasan, “Arc-tunable
Weyl Fermion metallic state in MoxW1−xTe2,” Nat.
Commun. 7, 1 (2016).
[9] Xiangang Wan, Ari M. Turner, Ashvin Vishwanath, and
Sergey Y. Savrasov, “Topological semimetal and fermi-
arc surface states in the electronic structure of pyrochlore
iridates,” Phys. Rev. B 83, 205101 (2011).
[10] Hongming Weng, Chen Fang, Zhong Fang, B An-
drei Bernevig, and Xi Dai, “Weyl Semimetal Phase
in Noncentrosymmetric Transition-Metal Monophos-
phides,” Phys. Rev. X 5, 011029 (2015).
[11] H. B. Nielsen and M. Ninomiya, “The adler-bell-jackiw
anomaly and weyl fermions in a crystal,” Phys. Lett. B
130, 389 (1983).
[12] D. T. Son and B. Z. Spivak, “Chiral anomaly and classical
negative magnetoresistance of Weyl metals,” Phys. Rev.
B 88, 104412 (2013).
[13] Pavan Hosur and Xiaoliang Qi, “Recent developments
in transport phenomena in Weyl semimetals,” Comptes
Rendus Physique 14, 857–870 (2013).
[14] B. Z. Spivak and A. V. Andreev, “Magnetotransport phe-
nomena related to the chiral anomaly in Weyl semimet-
als,” Phys. Rev. B 93, 085107 (2016).
[15] A A Burkov, “Chiral anomaly and transport in weyl met-
als,” Journal of Physics: Condensed Matter 27, 113201
(2015).
[16] I. Pletikosic´, Mazhar N. Ali, a.V. Fedorov, R.J. Cava,
and T. Valla, “Electronic Structure Basis for the Extraor-
dinary Magnetoresistance in WTe2,” Phys. Rev. Lett.
113, 216601 (2014).
[17] J. Jiang, F. Tang, X. C. Pan, H. M. Liu, X. H. Niu,
Y. X. Wang, D. F. Xu, H. F. Yang, B. P. Xie, F. Q.
Song, P. Dudin, T. K. Kim, M. Hoesch, P. Kumar Das,
I. Vobornik, X. G. Wan, and D. L. Feng, “Signature of
Strong Spin-Orbital Coupling in the Large Nonsaturat-
ing Magnetoresistance Material WTe2,” Phys. Rev. Lett.
115, 166601 (2015).
[18] Yun Wu, Na Hyun Jo, Masayuki Ochi, Lunan Huang,
Daixiang Mou, Sergey L. Bud’ko, P.C. Canfield, Nan-
dini Trivedi, Ryotaro Arita, and Adam Kaminski,
“Temperature-Induced Lifshitz Transition in WTe2,”
Phys. Rev. Lett. 115, 166602 (2015).
[19] Su-Yang Xu, Ilya Belopolski, Nasser Alidoust, Mad-
hab Neupane, Guang Bian, Chenglong Zhang, Raman
Sankar, Guoqing Chang, Zhujun Yuan, Chi-Cheng Lee,
et al., “Discovery of a weyl fermion semimetal and topo-
logical fermi arcs,” Science 349, 613–617 (2015).
[20] B.Q. Lv, H.M. Weng, B.B. Fu, X.P. Wang, H. Miao,
J. Ma, P. Richard, X.C. Huang, L.X. Zhao, G.F. Chen,
et al., “Experimental discovery of Weyl semimetal TaAs,”
Physical Review X 5, 031013 (2015).
[21] B. Q. Lv, N. Xu, H. M. Weng, J. Z. Ma, P. Richard,
X. C. Huang, L. X. Zhao, G. F. Chen, C. Matt, F. Bisti,
V. Strokov, J. Mesot, Z. Fang, X. Dai, T. Qian, M. Shi,
and H. Ding, “Observation of Weyl nodes in TaAs,” Nat.
Phys. 11, 724 (2015).
[22] L. X. Yang, Z. K. Liu, Y. Sun, H. Peng, H. F. Yang,
T. Zhang, B. Zhou, Y. Zhang, Y. F. Guo, M. Rahn,
D. Prabhakaran, Z. Hussain, S.-K. Mo, C. Felser, B. Yan,
and Y. L. Chen, “Weyl semimetal phase in the non-
centrosymmetric compound TaAs,” Nat. Phys. 11, 728–
732 (2015).
[23] Su-Yang Xu, Nasser Alidoust, Ilya Belopolski, Zhu-
jun Yuan, Guang Bian, Tay-Rong Chang, Hao Zheng,
Vladimir N. Strocov, Daniel S. Sanchez, Guoqing Chang,
Chenglong Zhang, Daixiang Mou, Yun Wu, Lunan
Huang, Chi-Cheng Lee, Shin-Ming Huang, BaoKai
Wang, Arun Bansil, Horng-Tay Jeng, Titus Neupert,
Adam Kaminski, Hsin Lin, Shuang Jia, and M. Zahid
Hasan, “Discovery of a Weyl fermion state with Fermi
arcs in niobium arsenide,” Nat. Phys. 11, 748–754 (2015).
[24] Hiroyuki Inoue, Andra´s Gyenis, Zhijun Wang, Jian Li,
Seong Woo Oh, Shan Jiang, Ni Ni, B Andrei Bernevig,
and Ali Yazdani, “Quasiparticle interference of the Fermi
arcs and surface-bulk connectivity of a Weyl semimetal,”
Science 351, 1184–1187 (2016).
[25] Ilya Belopolski, Su-Yang Xu, Yukiaki Ishida, Xingchen
Pan, Peng Yu, Daniel S. Sanchez, Madhab Neupane,
Nasser Alidoust, Guoqing Chang, Tay-Rong Chang, Yun
Wu, Guang Bian, Hao Zheng, Shin-Ming Huang, Chi-
Cheng Lee, Daixiang Mou, Lunan Huang, You Song,
Baigeng Wang, Guanghou Wang, Yao-Wen Yeh, Nan
Yao, Julien Rault, Patrick Lefevre, Franc¸ois Bertran,
Horng-Tay Jeng, Takeshi Kondo, Adam Kaminski, Hsin
Lin, Zheng Liu, Fengqi Song, Shik Shin, and M. Zahid
Hasan, “Unoccupied electronic structure and signatures
of topological Fermi arcs in the Weyl semimetal candi-
date MoxW1−xTe2,” arXiv:1512.09099 (2015).
[26] Lunan Huang, Timothy M McCormick, Masayuki Ochi,
Michi-To Suzuki, Ryotaro Arita, Yun Wu, Daixiang
Mou, Huibo Cao, Jiaquiang Yan, Nandini Trivedi, and
Adam Kaminski, “Spectroscopic evidence for type II
Weyl semimetal state in MoTe2,” arXiv:1603.06482v1
11
(2016).
[27] Ke Deng, Guoliang Wan, Peng Deng, Kenan Zhang, Shi-
jie Ding, Eryin Wang, Mingzhe Yan, Huaqing Huang,
Hongyun Zhang, Zhilin Xu, Jonathan Denlinger, Alexei
Fedorov, Haitao Yang, Wenhui Duan, Hong Yao, Yang
Wu, Y Shoushan Fan, Haijun Zhang, Xi Chen, and
Shuyun Zhou, “Experimental observation of topological
Fermi arcs in type-II Weyl semimetal MoTe2,” arXiv:
1603.08508 (2016).
[28] Aiji Liang, Jianwei Huang, Simin Nie, Ying Ding, Qiang
Gao, Cheng Hu, Shaolong He, Yuxiao Zhang, Chenlu
Wang, Bing Shen, Jing Liu, Ping Ai, Li Yu, Xuan
Sun, Wenjuan Zhao, Shoupeng Lv, Defa Liu, Cong Li,
Yan Zhang, Yong Hu, Yu Xu, Lin Zhao, Guodong Liu,
Zhiqiang Mao, Xiaowen Jia, Fengfeng Zhang, Shenjin
Zhang, Feng Yang, Zhimin Wang, Qinjun Peng, Hong-
ming Weng, Xi Dai, Zhong Fang, Zuyan Xu, Chuangtian
Chen, and X. J. Zhou, “Electronic Evidence for Type
II Weyl Semimetal State in MoTe2,” arXiv:1604.01706
(2016).
[29] N Xu, Z J Wang, A P Weber, A Magrez, P Bugnon,
H Berger, B B Fu, B Q Lv, N C Plumb, M Radovic,
K Conder, T Qian, J H Dil, J Mesot, H Ding, and M Shi,
“Discovery of Weyl semimetal state violating Lorentz in-
variance in MoTe2,” arXiv:1604.02116 (2016).
[30] J Jiang, Z K Liu, Y Sun, H F Yang, R Rajamathi, Y P
Qi, C Yang, L X adn Chen, H Peng, C-C Hwang, S Z Sun,
Mo S.-K., I Vobornik, J Fujii, S S P Parkin, C Felser, B H
Yan, and Y L Chen, “Observation of the Type-II Weyl
Semimetal Phase in MoTe2,” arXiv:1604.00139 (2016).
[31] F. Y. Bruno, A. Tamai, Q. S. Wu, I. Cucchi, C. Bar-
reteau, A. de la Torre, S. McKeown Walker, S. Ricco`,
Z. Wang, T. K. Kim, M. Hoesch, M. Shi, N. C. Plumb,
E. Giannini, A. A. Soluyanov, and F. Baumberger, “Sur-
face states and bulk electronic structure in the candi-
date type-II Weyl semimetal WTe2,” arXiv:1604.02411
(2016).
[32] Chenlu Wang, Yan Zhang, Jianwei Huang, Simin Nie,
Guodong Liu, Aiji Liang, Yuxiao Zhang, Bing Shen, Jing
Liu, Cheng Hu, Ying Ding, Defa Liu, Yong Hu, Shao-
long He, Lin Zhao, Li Yu, Jin Hu, Jiang Wei, Jiang
Mao, Jiang Shi, Xiaowen Jia, Fengfeng Zhang, Shenjin
Zhang, Feng Yang, Zhimin Wang, Qinjun Peng, Hong-
ming Weng, Xi Dai, Zhong Fang, Zuyan Xu, Chuangtian
Chen, and X. J. Zhou, “Spectroscopic Evidence of Type
II Weyl Semimetal State in WTe2,” arXiv:1604.04218
(2016).
[33] Yun Wu, Na Hyun Jo, Daixiang Mou, Lunan Huang,
S. L. Bud’ko, P. C. Canfield, and Adam Kaminski, “Ob-
servation of Fermi Arcs in Type-II Weyl Semimetal Can-
didate WTe2,” arXiv:1604.05176 , 1–5 (2016).
[34] G. Kresse and J. Furthmu¨ller, “Efficient iterative schemes
for ab initio total-energy calculations using a plane-wave
basis set,” Phys. Rev. B 54, 11169–11186 (1996).
[35] P. E. Blo¨chl, “Projector augmented-wave method,” Phys.
Rev. B 50, 17953–17979 (1994).
[36] John P. Perdew, Kieron Burke, and Matthias Ernzer-
hof, “Generalized gradient approximation made simple,”
Phys. Rev. Lett. 77, 3865–3868 (1996).
[37] Nicola Marzari and David Vanderbilt, “Maximally local-
ized generalized wannier functions for composite energy
bands,” Phys. Rev. B 56, 12847–12865 (1997).
[38] Ivo Souza, Nicola Marzari, and David Vanderbilt, “Max-
imally localized wannier functions for entangled energy
bands,” Phys. Rev. B 65, 035109 (2001).
[39] Arash A Mostofi, Jonathan R Yates, Giovanni Pizzi,
Young-Su Lee, Ivo Souza, David Vanderbilt, and Nicola
Marzari, “An updated version of wannier90: A tool for
obtaining maximally-localised wannier functions,” Com-
puter Physics Communications 185, 2309–2310 (2014).
[40] Q. S. Wu, “Wannier Tools,”
https://github.com/quanshengwu/wannier tools.
[41] M. P. Lopez Sancho, J. M. Lopez Sancho, J. M. L. San-
cho, and J. Rubio, “Highly convergent schemes for the
calculation of bulk and surface green functions,” Journal
of Physics F: Metal Physics 15, 851 (1985).
[42] R. Clarke, E. Marseglia, and H. P. Hughes, “A low-
temperature structural phase transition in β-MoTe2,”
Philos. Mag. Part B 38, 121–126 (1978).
[43] L. Brewer and R. H. Lamoreaux, Phase diagrams (IAEA,
International Atomic Energy Agency (IAEA), 1980).
[44] Charles L Kane and Eugene J Mele, “Z2 topological order
and the quantum spin Hall effect,” Phys. Rev. Lett. 95,
146802 (2005).
[45] B. E. Brown, “The crystal structures of WTe2 and
high-temperature MoTe2,” Acta Crystallogr. 20, 268–274
(1966).
[46] Arthur Mar, Stephane Jobic, and James A. Ibers,
“Metal-metal vs tellurium-tellurium bonding in WTe2
and its ternary variants TaIrTe4 and NbIrTe4,” Journal of
the American Chemical Society 114, 8963–8971 (1992).
[47] D. Hsieh, Y. Xia, L. Wray, D. Qian, A. Pal, J. H. Dil,
J. Osterwalder, F. Meier, G. Bihlmayer, C. L. Kane, Y. S.
Hor, R. J. Cava, and M. Z. Hasan, “Observation of Un-
conventional Quantum Spin Textures in Topological In-
sulators,” Science 323, 919–922 (2009).
